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Abstract: The rules of heat transfer and fluid flow in plate-fin heat exchanger are intricate and
complex, and the selection of boundary conditions is the key to giving full play to the performance of
heat exchanger. In this paper, a multi-objective optimization based on computational fluid dynamics
(CFD) and non-dominated sequencing genetic algorithm (NSGA-II) was carried out to obtain the
optimal performance of a plate-fin heat exchanger for an extended-range hybrid vehicle engine. The
angle of serrated staggered fin, oil flow rate, and water flow rate were taken as input parameters,
and the heat transfer quantity, oil pressure drop, and oil outlet temperature were taken as objective
functions to perform the optimization analysis of the heat exchanger. Support vector machine
regression (SVR) was used to establish the objective function, and the NSGA-II algorithm was
adopted to obtain the Pareto optimal solution set. The optimal solution was determined in the
Pareto optimal solution set by comprehensive evaluation based on technique for order preference by
similarity to an ideal solution (TOPSIS). The results showed that the best comprehensive performance
of the heat exchanger was achieved at a fin angle of 63.01°, an oil flow rate of 9.7 L/min, and a water
flow rate of 6.45 L/min. At this time, the heat transfer quantity was 9.79 kW, the oil pressure drop
was 13.63 kPa, and the oil outlet temperature was 65.11 °C.

Keywords: plate-fin heat exchanger; serrated staggered fins; heat transfer; NSGA-II; multi-objective
optimization

1. Introduction

Plate-fin heat exchangers are widely used for heat dissipation in automotive engines
because of their compact and lightweight structure, good heat transfer performance, and
low production cost [1]. Serrated staggered fins are common enhanced heat exchange sur-
faces in plate-fin heat exchangers. The principle is that the fins are periodically staggered at
certain intervals from each other along the fluid flow direction, so that the boundary layer
formed by the fluid near the fin surface enters the rear row of fins before it fully develops,
making full use of the boundary layer separation effect. At the same time, the tail vortexes
generated by the fluid on the upstream fins also have an excitation and enhancement effect
on the heat transfer of the downstream fins [2,3]. In recent years, with the improvement
of engine performance requirements of the extended-range hybrid vehicle engine, the
requirements of the heat exchanger have been gradually increased, and many scholars have
attempted to introduce new algorithms for heat exchanger optimization design research.
At present, new algorithms, such as the genetic algorithm [4], annealing simulation algo-
rithm [5], and model search algorithm [6], have been successfully applied to heat exchanger
optimization design research [7]. However, these optimization algorithms have rarely been
applied in engineering practice, and there is a lack of computational procedures for heat
exchanger optimization design which can guide engineering application. At the same time,
there is little research on plate-fin heat exchangers, which are widely used for automotive
engine heat dissipation. Therefore, it is of great interest to conduct optimization design
research and program development for plate-fin heat exchangers.
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The optimal design of heat exchangers using traditional methods such as the log-
arithmic mean temperature difference (LMTD) method and the Efficiency-number of
Heat-transfer Units (n-NTU) method is costly and time-consuming [8]. With the rapid
development of computational fluid dynamics (CFD) and computer technology, it has
become possible to use computers to optimize the design of heat exchangers with high
efficiency. Studies by many researchers have shown that simulations of various types of
heat exchangers using CFD are reliable [9-12]. Therefore, CFD numerical simulations can
minimize unnecessary tooling production costs, test work, and R&D time, and provide
great convenience for efficient optimal design of heat exchangers.

Juan et al. [13] analyzed the effects of structural parameters on thermal characteristics
of transverse direction (TD) type serrated fin by numerical simulation methods and found
that the vortexes generated near the TD fin region enhanced the turbulence intensity to
reduce the thickness of boundary and improve the synergy between the velocity and tem-
perature gradient. Minsung et al. [14] used numerical simulation methods to investigate
the aerothermal performance of a slanted-pin fin heat exchanger under high-speed-bypass
stream condition, and found that the design of slanted-pin fin can make the heat exchanger
lighter and smaller. However, in order to obtain the heat transfer and flow resistance char-
acteristics of the heat exchanger as a whole, it is necessary to conduct numerical simulation
analysis of the whole heat exchanger. Nevertheless, the fin scale is very small relative to the
overall heat exchanger scale, and it is extremely inefficient to directly simulate numerically
heat exchangers with complex structures, such as plate-fin type without the necessary
simplifications. At present, porous media model is the most applied simplification method,
which was first proposed by Patankar et al. [15] for the simulation of steam generators.
Zhang et al. [16] studied the flow and heat transfer characteristics in finned-tube heat
exchangers based on the porous media method, and analyzed the effect of air flow on the
resistance characteristics and heat transfer performance, and the simulation results were
verified by the measured data. Therefore, the simplification of the overall heat exchanger
using the porous media method will help to achieve an efficient numerical simulation
analysis of heat exchangers with complex structures, such as the plate-fin type.

Generally, numerical simulation results need to be combined with optimization al-
gorithms to obtain the optimal solution. Many scholars have made many efforts to this
end [17-19]. The non-dominated sequencing genetic algorithm (NSGA-II) is widely used
for optimization design due to its advantages such as fast operation and good convergence
of the solution set. Alireza et al. [20] adopted CFD and NSGA-II to carry out multi-objective
optimization designs for the combustion chamber of CO steam boiler, and studied the
multi-objective optimization problem with two input parameters and two objectives. Jing
et al. [21] used numerical simulation method and NSGA-II for a multi-objective optimiza-
tion of mini U-channel cold plate with SiO, nanofluid to obtain the optimal performance.
However, the Pareto frontier obtained by NSGA-II is an optimal solution set, and these
studies ultimately use subjective analysis to select the optimal solution from the Pareto
solution set. Technique for order preference by similarity to an ideal solution (TOPSIS) can
effectively avoid the subjectivity of data, and can well depict the comprehensive impact of
multiple impact indicators [22]. Aminu et al. [23] comprehensively evaluated the Pareto
optimal solution set of NSGA-II using TOPSIS and obtained the optimal performance of
concentrated Photovoltaic-Thermoelectric hybrid system.

In this study, in order to obtain the optimal performance of the plate-fin heat exchanger,
the fin angle of the heat exchanger and the inlet flow rate are optimally designed. Firstly,
a fluid-solid coupling model of the heat exchanger is established based on commercial
CFD software Fluent, and the serrated staggered fins are simplified using porous media.
By changing the fin angle, oil flow rate and water flow rate, 45 numerical simulation
test cases are designed. Additionally, based on the numerical simulation results, support
vector machine regression (SVR) is used to establish regression models of heat exchanger
performance (heat transfer, oil pressure drop, and oil outlet temperature) with respect to
fin angle and inlet flow rate, and these regression models are also taken as the optimized
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objective functions. Then, the Pareto optimal solution set of the objective function is
obtained using NSGA-II. Finally, the optimal solution that leads to the best performance of
the heat exchanger is preferred by the TOPSIS comprehensive evaluation method.

2. Numerical Simulation Modeling of Plate-Fin Heat Exchanger
2.1. Physical Model

The heat exchanger consists of 14 layers of fins as a whole. There are 1 to 14 layers from
the bottom to the top, respectively. Among them, the odd layers are water-side fins, and
the even layers are oil-side fins, and the water-side fins and the oil-side fins are arranged
alternately, as shown in Figure 1. To simplify the mesh, a simplified three-dimensional
model of the heat exchanger is established as shown in Figure 1b without affecting the
simulation results, and the inlets and outlets of the oil and water sides are extended to
eliminate the effect of outlet effects on the simulation results.

Water inlet
Water outlet

Oil inlet

Oil outlet

(a) (b)

Figure 1. The heat exchangers are modeled from bottom to top as layers 1 to 14, where the odd-
numbered layers are water-side fins and the even-numbered layers are oil-side fins: (a) Heat exchang-
ers model, (b) Simplified model of heat exchangers.

Fluids on the oil side and the water side are 4109 lubrication oil and water, respectively,
and their physical properties are shown in Tables 1 and 2. MUZYCHKA [24] classified the
serrated fins into High Pressure Direction (HPD) type and Low Pressure Direction (LPD)
type according to the different fluid flow directions inside the fins, as shown in Figure 2.
The oil side and water side of the heat exchanger studied in this paper are HPD type
fins, and both the fins and the heat exchanger are made of aluminum alloy with thermal
conductivity A =190 W/(m x K).

Table 1. Oil parameters.

4109 Lube Physical Properties Calculation Formula
Density/ (kg x m~3) p1 = —0.633t + 853.526
Cp1 = 5.556 x 10743 — 0.133t> + 13.492¢
Constant pressure heat ratio/ (] X kgf1 X K’l) Pl +1629.524 +
A = 2472 x 10758 — 0.00628t> + 0.330¢
P —1 -1 1
Thermal conductivity / (W xm~+ xK ) 1133.610

p1 = —4.785 x 107843 4 1.455 x 107°¢2 —

Dynamic viscosity/ (Pa X s) 0.00155¢ + 0.0618
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Table 2. Water parameters.

Water Physical Properties Calculation Formula
Density/ (kg x m~3) p2 = 1000.7 — 0.0852¢ — 0.0034+2
Constant pressure heat
ratio/ (] X kg’1 X K’l)
Thermal conductivity / (w xm~! x K—l) Ay = 0.5980 + 1.373 x 1073t — 5.333 x 107642

— _ -5 -7 _
Dynamic viscosity/ (Pa x s) u1 = 0.00178 4;?;?611?07 é +5.285 x 10

Cpp = 4184.4 — 0.6964t + 1.036 x 107242

HPD

Figure 2. Fin model.

The heat exchanger can increase the heat transfer quantity by increasing the flow rate
during operation, but this approach inevitably leads to an increase in the pressure drop
on the oil and water sides, thus increasing the cost of the oil pump and motors. In turn,
reducing the pressure drop makes the heat transfer quantity drop, leading to a decrease
in heat exchanger performance. Therefore, finding the optimal inlet flow rate is essential
to fully utilize the performance of the heat exchanger. There have been numerous studies
showing that the geometric parameters of the fins have a significant effect on the pressure
drop and heat transfer, and that finding the optimal fin angle can also fully improve the
heat exchanger performance. In this study, the heat exchanger is simulated with different
inlet flow rates and fins of different angles. The inlet flow rates are the oil flow rate and
the water flow rate. The fin angles are shown in Figure 3, where the solid line is for 90°
fins and the dashed line is for 75° fins. The fin angles range from 30° to 90°, with a set of
parameters taken at 15° intervals, for a total of 5 different fin angles.
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Figure 3. The solid line is 90-degree fin, and the dashed line is 75-degree fin.

2.2. Porous Media Model

Due to the difference of several orders of magnitude between the geometric size of
the fin and the overall size of the heat exchanger, if the overall flow and heat transfer
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performance of the heat exchanger is to be calculated by numerical simulation on the
premise of retaining the geometric shape of the whole fin, the number of meshes will
exceed 1 billion. The existing computer is difficult to meet its huge computational volume.
Therefore, in this study, the porous media model is used to replace the fin region with
complex and dense structure.

Patankar et al. [15] first to applied the porous media model to the overall study of
heat exchangers, where the fluid heat transfer and pressure drop through the fin region
were approximated with the porous effect. This approximation sacrifices the details of the
flow heat transfer in the simplified region, but allows the overall performance of the heat
exchanger to be studied by virtue of a smaller computational volume. The porous media
distribution resistance model is [16,25]:

Si = —AP; = —(ayu; + az|u;lu;) M

where S; is the i-directional (x, ¥, z) momentum source term, AP; is the fluid pressure drop
per unit length, a;, ap are constants, u; is the i-directional fluid rate, and the resistance of
the fins to the fluid is expressed on the momentum equation through the source term S;.
The resistance of the fins in each direction is not uniform and all are calculated using this
model. Ultimately, the anisotropic porous media model is obtained.

In the working process of heat exchanger, there is a certain temperature difference
between the fluid and the solid. Therefore, the porous medium model is a non-thermal
equilibrium model, and this model uses different energy conservation equations for the
fluid and the solid, respectively [26], where the fluid energy equation is:

SAGLZI L (ervsesTy) = V- (kpes VTy) +hopAsy (To = Ty) @

where 7y is the porosity of the medium, ¢ is the fluid specific heat capacity at constant
pressure, pris the fluid density, Ty is the fluid temperature, Vy is the fluid rate, k.5 is the
fluid equivalent thermal conductivity, h is the fluid-solid heat transfer coefficient, Ay is
the specific surface area, and T is the solid temperature. The solid energy equation is:

(1= 1)pses G = Vo (kooss VT ) = hopAgs (To = Ty ) ©)

where c; is the constant pressure specific heat capacity of the solid, ps is the density of the
solid, ks,eﬁc is the equivalent thermal conductivity of the solid.

Using Equation (1), the inertia resistance coefficient and viscous resistance coefficient of
the corresponding porous media with different angle fins can be calculated by the contrast
coefficient method. The fins with different angles are expressed by different parameters of
the porous media model, and the calculated results are shown by Table 3.

Table 3. Porous media parameters at different fin angles.

Oil-Side Water-Side
13(1]1)1 Angl)e Direction Inertia Viscous Inertia Viscous
egree Resistance Resistance Resistance Resistance
Coefficient Coefficient Coefficient Coefficient
X 654.11 13,010,483.22 573.70 22,446,726.77
30 y 154.93 8,314,874.37 100.33 13,005,541.29
z 2107.09 15,091,688.08 2760.85 9,890,534.41
X 1694.94 24,366,827.96 2032.31 32,193,073.73
45 y 180.32 9,280,325.13 98.58 15,460,070.31
z 958.91 13,388,172.00 1297.63 15,674,043.86
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Table 3. Cont.

Qil-Side Water-Side
Fin Angle Direction Inertia Viscous Inertia Viscous
(Degree) Resistance Resistance Resistance Resistance
Coefficient Coefficient Coefficient Coefficient
X 3085.18 27,150,232.23 3696.54 50,883,478.55
60 y 211.48 11,140,364.43 111.96 17,094,499.37
z 489.32 13,550,495.64 611.80 18,247,912.26
X 4932.33 34,927,706.55 5421.13 111,562,991.10
75 y 260.39 14,989,419.77 142.80 21,038,545.35
z 260.68 15,760,390.93 251.51 22,156,993.76
X 8109.04 64,959,109.79 9404.43 145,279,021.40
90 y 431.28 22,517,311.17 227.92 32,326,301.05
z 231.38 23,986,847.43 150.94 30,901,507.98

2.3. Governing Equation

The CFD solution of the heat exchanger model is performed using fluid-solid coupling
based on the commercial software Fluent. To simplify the calculations, the following
assumptions are made [27,28]:

(1) Since the thickness of the baffle in the heat exchanger is only 0.5 mm, the temperature
difference in the baffle thickness direction is neglected.

(2) Ignore the influence of radiation heat transfer.

(3) No sliding at the fluid-solid interface.

(4) The system is insulated.

Based on the above assumptions, the governing equations for plate-fin heat exchangers
are Mass conservation equations:

(1) = 0 @)

Momentum conservation equation:

B
o (puiuy) = %(#a%) -5 ®)

1

Energy conservation equation:

d(puuj) P 9 du;
i e ) ©
where x is the direction, u is the velocity of the fluid, p is the density of the fluid, y is the
dynamic viscosity of the fluid, and P is the pressure.

2.4. Boundary Conditions

In addition to the solid domain of the model, two fluid domains, oil-side, and water-
side, are defined in Fluent software for the heat exchanger model. All three simulation
domains are meshed using tetrahedral unstructured meshes. A shear stress transport k-w
turbulence model (SST k-w) and standard wall functions are used for numerical simulations,
and velocity inlet and pressure outlet boundary conditions are used for both the oil and
water sides. The heat exchanger walls are all set as wall boundary conditions with thermal
conductivity and the other external walls are set as insulation walls. In order to obtain the
best performance of the heat exchanger, 9 numerical simulation test groups (5 numerical
simulation cases per group, 45 numerical simulation cases in total) are designed with oil
flow rate, water flow rate, and the fin angle as input parameters, as shown in Table 4.
Among them, the inlet flow rate covers the operating range of the heat exchanger, the oil
inlet temperature is constant at 100 °C, and the water inlet temperature is constant at 65 °C.
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Table 4. Simulated cases of the present study.

Simulation Group

Qil-Side Flow Rate

Water-Side Flow Rate

Fin Angle (Degree)

No. (L/min) (L/min)

A 5 5

B 5 10

C 5 15

D 10 5

E 10 10 30, 45, 60, 75, 90
F 10 15

G 15 5

H 15 10

1 15 15

2.5. Verification of Simulation Results

Calibration calculations of heat exchangers can be well performed using the n-NTU
method, and the accuracy of the n-NTU method has long been demonstrated by a large
number of scholars [29,30]. However, the calculation process of the 1-NTU method is very
tedious. Therefore, in this study, when using the n-NTU method to verify the numerical
simulation results, we only take the fin angle 90° as an example to verify the A, E, and I
groups in Table 4. The three numerical simulation cases are renamed as I, II, and 111, as
shown by Table 5.
As shown in Figure 4, the average error of heat transfer quantity is 4.61% and the
average error of oil outlet temperature is only 0.96%. The average error of oil pressure drop
is 4.64%, and the average error of water pressure drop is 4.66%. The results show that the
flow-solid coupling model established in this paper has good accuracy.
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I 1
(d)

36.46 2520

111

Figure 4. Comparison of n-NTU calculation results and simulation results: (a) Heat transfer quantity,
(b) Oil outlet temperature, (c) Oil pressure drop, (d) Water pressure drop.
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Table 5. Three simulated cases for validation via -NTU.

Simulation Serial Qil-Side Flow Rate Water-Side Flow Rate .
Fin Angle (Degree)

No. (L/min) (L/min)
I 5 5 90
11 10 10 90
II1 15 15 90

3. Multi-Objective Optimization
3.1. Optimization Objectives and Optimization Parameters

Heat exchanger as one of the heat dissipation components of the engine, heat transfer
quantity and pressure drop are important indicators to evaluate its performance. The greater
the heat transfer quantity, the better, and the smaller the pressure drops, the better. However,
heat transfer quantity and pressure drop are contradictory to each other, and increasing heat
transfer will inevitably lead to the increase of pressure drop, and vice versa. At the same
time, during the operation of the heat exchanger, the closer the oil outlet temperature is to
the water inlet temperature, the better. According to the simulation and n-NTU calculation
results, the oil pressure drop is much larger than the water pressure drop during the working
process of the heat exchanger. Therefore, the optimization objectives established in this
paper are heat transfer quantity, oil pressure drop, and oil outlet temperature.

The law of heat transfer and flow in the heat exchanger is complex, and selecting
the appropriate inlet flow rate on the oil side and the water side can give full play to the
performance of the heat exchanger. In addition, changing the key parameters of the fins can
effectively adjust the pressure drop and heat transfer quantity of the heat exchanger. There
are many key geometric parameters of fins, but studies on fin angles are rare. Therefore, the
optimized parameters for this study are determined as fin angle, oil flow rate, and water
flow rate.

3.2. SVR Regression Model

After the data of 45 test cases are obtained by numerical simulation, it is necessary to
fit them to obtain the regression models of heat transfer quantity, oil pressure drop and
oil outlet temperature with respect to fin angle, oil flow rate and water flow rate. These
regression models will be used as objective functions of multi-objective optimization.

Support vector regression (SVR) is an extension of support vector machine (SVM),
which is widely used for regression of engineering problems. The given data set is set as
D ={(x1, y1), (x2, ¥2), ..., (xu, yn)}, where x; € R;, is the vector of input variables and y; € R,
is the corresponding scalar output (target) value. The target of SVR is to minimize the
“distance” to the farthest sample point of the fitted hyperplane, so as to accurately predict
the target {y;} corresponding to a set of input samples {x;}.

SVR creates a “spacing band” on both sides of the hyperplane with a spacing of ¢
(tolerance bias), and does not calculate the loss for all samples that fall into the spacing
band. For the linear problem, SVR constructs the following linear model [31,32]:

f(x;) = wx;+b @)

Thus, its optimization objective is:

1 2
mins ||w || . ®)
s.tly; — (wx; +b)| <¢ Vi

SVR allows for the presence of samples outside the spacing band, but the losses should
be as small as possible so that the optimization objective of SVR can be formalized as:

min} ||w||2+c§1u(f(xi),yi) )
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where C 2 L¢(f(x;),y;) is the empirical error term of SVR, consisting of a loss function

Le (f xl) yl) and a factor C. The loss function is expressed as:

Le(f(x)yi) = {|yi—f?5cl|>

and the factor C represents the weights. To explain the error beyond the limit ¢, the relaxation
variables ¢ and ¢* are introduced. At this point, all sample data meet the condition:

yi—f(xi)| <e
| [y~ fx)] > ¢ {10)

i — (wxi +b)[ < e+, Vi (11)

The relaxation variable transforms the SVR problem into a dual optimization problem,
and its optimization objectives are:

2 *
rglg}é sllwl*+C Z (61,6)

sty — f(x )<€+€z (12)
flxi) —yi <e+§f
&, Cr>0i=12..m

The optimization problem with constraints can be transformed into an unconstrained
optimization problem by Lagrange multiplier method. With the introduction of Lagrange
multipliers «; and &7, the linear model can be rewritten as:

flx) = wx+b = gj (0; —af)xIx+b (13)

For nonlinear problems, the nonlinear problem can be mapped to a linear problem by
boosting the sample dimension. However, when the data dimension itself is large, boosting
can make the computational effort increase dramatically. To overcome the contradiction
between high-dimensional feature space and computational complexity, SVR will define
appropriate kernel functions [33]. With the help of kernel functions, the results of the
inner product of samples in the high-dimensional space can be computed directly in the
low-dimensional space, thus greatly reducing the computational effort. The choice of kernel
function requires that Mercer’s theorem is satisfied, i.e., the kernel function is semi-positive
definite for any Gram matrix in the sample space [34]. The Gaussian radial basis function
(RBF), also called Radial Basis Function, can map the data to infinite dimensions with the
expression [35,36]:

T
K(xix) = ¢(x) 9(xj) = exp(—gh llvi—x12) = exp(—7llx—x|P) (14
where i, j=1... m, ¢ is the width of the RBE. After the SVR is mapped into the kernel
function, its model can be rewritten as:

f(x) = wp(x)+b = (zxi—rxl’f)K(xi,xj) +b (15)

1

I s

i

where ¢(x) is the mapping function that maps x to a higher dimensional space.

Since the RBF kernel has good universality and depends on only one parameter o, the
RBF kernel function is chosen to build the SVR regression model in this study. Meanwhile,
the data of 45 simulation cases are fitted with the fin angle, oil flow rate, and water flow
rate as input parameters, and the regression models of heat transfer quantity, oil pressure
drop, and oil outlet temperature are finally obtained. These models will be used as the
objective function for multi-objective optimization.
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Xt = [(maxXi]-
1

3.3. Multi-Objective Optimization Based on NSGA-II Algorithm

There are two main types of multi-objective optimization algorithms: ordinary gra-
dient methods and gradient-free direct methods. The first type of method relies on the
quality of the initial guess, which is easy to fall into local extremes and is only applicable
to continuous smooth functions. The gradient-free direct method is more suitable for the
study of nonlinear phenomena. Among them, genetic algorithms are the most widely
used [37,38]. Such algorithms are insensitive to the discontinuity of the objective function,
do not get trapped in local optima, and are suitable for parallel processing.

NSGA-II is a kind of genetic algorithm that can efficiently order the nondominated
solutions while providing a set of Pareto optimal solutions well distributed along the Pareto
frontier and considering an elite strategy of accelerating convergence [39]. The algorithm
is widely used to minimize or maximize two or more objective functions under given
constraints and boundary conditions. The result of its optimization represents the set of
solutions with the best compromise between the objective functions.

NSGA-II generates a random population in the initial state, and then the population
individuals undergo crossover (parents produce offspring) and mutation (small random
changes in offspring). The algorithm then sorts individuals based on non-dominance rank
and crowding degree, and selects higher quality individuals to form the next generation. The
population is driven towards the optimal Pareto frontier while maintaining the diversity of
the population [40]. The algorithm runs until a predefined number of generations is reached.

In this study, NSGA-II was used to optimize three conflicting objective functions (heat
transfer quantity, oil pressure drop, oil outlet temperature). The population size, crossover
probability, mutation probability, and maximum number of generations are set to 2000, 0.9,
0.2, and 5000, respectively. The boundary conditions are:

(1) 30° < Fin angle <90°;
(2) L/min < Oil flow rate < 15 L/min;
(3) L/min < Water flow rate < 15 L/min.

3.4. Multi-Objective Decision Making Based on TOPSIS Algorithm

The optimal solution set with 2000 solutions is eventually obtained using NSGA-II,
and the multi-objective decision making method can prefer the optimal solution from
it. TOPSIS is one of the most commonly used multi-objective decision making methods
for selecting the best compromise solution between the incommensurable and conflicting
objective functions [22]. The optimal solution based on TOPSIS decision making is closest
to the positive ideal solution and farthest from the negative ideal solution. The steps of
TOPSIS multi-objective decision making are as follows:

Step 1: Create a decision matrix (a;;)m X n, where m is the decision point and 7 is the
number of objective functions.

Step 2: Normalize the decision matrix using the Euclidean method:

aij . .
Xij = —/———, 1 = 1,2 -, mj=1,2-,n (16)

m 2’
V&7 =14

Step 3: Develop a weighted normalized decision matrix:
Xij = xi]' X w]‘, i = 1, 2, ey, m;j = 1, 2,"', n (17)

whereZ?: 1wj = 1.
Step 4: Determine positive ideal solutions (X*) and negative ideal solutions (X™):

j61_>

i=12 -, ml={X"X.. . X} (18)

je ]+), <ml,ian‘j
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ja)

where | is the indicator of positive standard, ] is the indicator of negative standard,
and X, and X, are the maximum and minimum values of each column, respectively.

Step 5: Calculate the distance of each objective alternative from the positive ideal
solution and the negative ideal solution:

X = [(minXij j€ ]+), <maxXZ~j i=1,2 -, ml ={X,Xy,.... %, } (19)
1 1

+ < ) ;
D; —\/'Z <Xi],_Xj),z:1,2,...,m (20)
j=1
— n - 2 7
D; :\/’2 (Xij,xj),lsz,...,m 21)
j=1
Step 6: Calculate the relative proximity of each objective alternative to the ideal state:
cr=-Di__i=12 m (22)
i~ Dy +Df’C T

The solution of TOPSIS is the point with the largest value of C;‘ on the Pareto optimal

solution set. If the solution of TOPSIS is not reasonable, the weights (w;) of the objective
function can be reassigned and the results are recalculated. In this study, the weights of
all optimization objectives are set to be equal, i.e., the weights of heat transfer quantity, oil
pressure drop, and oil outlet temperature are all 1/3. The TOPSIS algorithm is used to make
decisions among 2000 optimal solutions, and the optimal result is preferentially selected.

In summary, the overall optimization process for the plate-fin heat exchanger is shown
in Figure 5. Firstly, the data of numerical simulation was obtained using the fluid-solid
coupling model of the plate-fin heat exchanger, and then the regression models of heat
transfer quantity, oil pressure drop, and oil outlet temperature with respect to the fin angle,
oil flow rate, and water flow rate are obtained by SVR. Additionally, these regression
models are used as the objective function for multi-objective optimization. NSGA-II is
utilized to optimize on the objective function to obtain the Pareto optimal solution set.
Finally, TOPSIS is applied to decide the optimal solution in the solution set.
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Figure 5. Flow chart of fluid-solid coupling simulation, SVR prediction model, and multi-objective

optimization.
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4. Results and Discussion
4.1. Simulation Results

Figure 6 shows the results of the 9 simulation groups listed in Table 4. Among them,
the oil flow rates for groups A, B, and C were 5 L/min, and the water flow rates were 5, 10,
and 15 L/min, respectively. In groups D, E, and F, the oil flow rates were 10 L/min, and
the water flow rates were 5, 10, and 15 L/min, respectively. Groups G, H, and I had an oil
flow rate of 15 L/min, and water flow rates of 5, 10, and 15 L/min, respectively. The range
of 5-15L/min covers the working range of the flow rate for the plate-fin heat exchanger
used in this study.
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Figure 6. Simulation result, inlet flow on oil and water sides corresponding to simulation group

numbers A to I is listed in Table 3: (a) heat transfer quantity of the heat exchangers, (b) oil outlet
temperature, (c) oil pressure drop, (d) water pressure drop.

For heat exchangers, the higher the heat transfer quantity, the better the performance of
the heat exchanger. The simulation results of heat transfer quantity for the heat exchanger
are shown in Figure 6a. As the fin angle decreased, the amount of heat transfer quantity
decreased. When the fin angle was reduced from 90° to 60°, the heat transfer quantity is
almost unchanged for the same flow rate. When the fin angle was reduced to 45°, the heat
transfer quantity decreased compared to the large angle fins at the same flow rate. When
the fin angle was further reduced to 30°, the heat transfer quantity decreased significantly.
Overall, the heat transfer quantity showed a rising trend with the increase of the flow rate
on the oil side and water side. When the oil flow rate was less than or equal to 10 L/min,
it is obvious that the oil flow rate had more influence on the heat transfer quantity than
the water flow rate. The heat transfer rate showed a significant increase with the increase
of the oil flow rate (group C-D). However, when the oil flow rate increased to 15 L/min,
the increase of the water flow rate also caused a dramatic change of heat transfer quantity
(Group G-I). That is, when the oil flow rate was less than or equal to 10 L/min, the change
of heat transfer mainly depended on the oil flow rate. Additionally, when the oil flow rate
was more than 10 L/min, the change of heat transfer mainly depended on the flow rate on
the water side. Additionally, the larger the fin angle was, the more obvious this law was.
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The closer the oil outlet temperature was to the water inlet temperature (65 °C), the
better the performance of the heat exchanger. The simulation results of the oil outlet
temperature for the heat exchanger are shown in Figure 6b. As the fin angle gradually
decreased, the oil outlet temperature gradually increased at the same flow rate. When the
fin angle was less than 45°, the trend of increasing oil outlet temperature would be very
obvious. It is important to note that a higher heat transfer quantity did not mean a lower oil
outlet temperature (groups C-D, F-G). In fact, there was no inevitable relationship between
the oil outlet temperature and the heat transfer quantity, and almost the same oil-side outlet
temperature may correspond to a very different heat transfer quantity (groups B, E, I).

The lower the pressure drop in the heat exchanger, the lower the cost of the oil pump
and motor. The simulation results of the oil pressure drop and the water pressure drop are
shown in Figure 6c¢, respectively. It was obvious that the flow rate is directly proportional to
the pressure drop. The oil flow rate had a significant effect on the oil pressure drop, while
the water flow rate had almost no effect on the oil pressure drop. The same was true for the
water pressure drop, which was almost independent of the change in oil flow rate. This
is because the pressure drop is not transferred between the oil and water sides like heat.
At the same time, the oil pressure drop was much higher than that of the water side at the
same flow rate. In addition, when the fin angle was reduced from 90° to 60°, the pressure
drop decreased as the fin angle became smaller for the same flow rate. However, when the
fin angle further decreased from 60° to 30°, the pressure drop increased as the fin angle
became smaller. That is, the pressure drop underwent a process of becoming smaller and
then larger as the fin angle decreased.

In a word, there is a contradiction among the three objective functions: heat transfer,
oil pressure drop, and oil outlet temperature. The effects of fin angle, oil flow rate, and
water flow rate on the objective function are interrelated.

4.2. Multi-Objective Optimization

Since the optimization direction of the objective function is not consistent, the use of
multi-objective optimization algorithm can effectively obtain the optimal solution among the
objective functions. However, discrete simulation results cannot be used for multi-objective
optimization search, and the discrete results must be turned into objective functions. The
45 cases of simulation data of the heat exchanger are shown in Table 6, and the regression
models of heat transfer quantity, oil pressure drop and oil outlet temperature with respect to
fin angle, oil flow rate, and water flow rate are obtained by fitting these data with SVR.

Table 6. Simulation data.

Design Variables Objective Function

No . Oil Flow Water Flow  Heat Transfer 0Oil Oli Outlet

Fin Angle Rat Rat tit P T t
(Degree) ate ate Quantity ressure empoera ure

(L/min) (L/min) (kW) Drop (kPa) Q)
1 30 5 5 5.04 7.11 65.00
2 30 5 10 5.04 7.11 65.00
3 30 5 15 5.04 7.12 65.00
4 30 10 5 9.84 23.44 65.65
5 30 10 10 10.07 23.46 65.00
6 30 10 15 10.08 23.49 65.00
7 30 15 5 11.43 46.67 73.28
8 30 15 10 15.06 46.73 65.14
9 30 15 15 15.09 46.62 65.02
10 45 5 5 5.04 4.64 65.00
11 45 5 10 5.04 4.64 65.00
12 45 5 15 5.04 4.64 65.00
13 45 10 5 9.94 16.62 65.52
14 45 10 10 10.08 16.63 65.00
15 45 10 15 10.08 16.62 65.00
16 45 15 5 11.51 33.57 73.18

17 45 15 10 15.07 33.56 65.10
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Table 6. Cont.

Design Variables Objective Function
No. . Qil Flow Water Flow Heat Transfer Q0il Oli Outlet
Fin Angle R R . P T ¢
(Degree) at.e aﬁe Quantity ressure emperature
(L/min) (L/min) (kW) Drop (kPa) Q)
18 45 15 15 15.10 33.55 65.01
19 60 5 5 5.04 4.13 65.00
20 60 5 10 5.04 4.13 65.00
21 60 5 15 5.05 492 65.00
22 60 10 5 9.93 15.46 65.56
23 60 10 10 10.09 15.46 65.00
24 60 10 15 10.09 15.45 65.00
25 60 15 5 11.55 31.59 73.29
26 60 15 10 15.10 31.60 65.07
27 60 15 15 15.12 31.60 65.00
28 75 5 5 5.05 440 65.00
29 75 5 10 5.05 4.39 65.00
30 75 5 15 5.05 4.39 65.00
31 75 10 5 9.18 16.85 68.16
32 75 10 10 10.08 16.85 65.03
33 75 10 15 10.09 16.85 65.00
34 75 15 5 10.93 34.94 74.75
35 75 15 10 14.60 34.94 66.25
36 75 15 15 15.09 34.95 65.10
37 90 5 5 4.34 5.16 69.88
38 90 5 10 494 5.15 65.72
39 90 5 15 5.04 5.16 65.06
40 90 10 5 6.10 20.73 78.91
41 90 10 10 7.78 20.71 73.07
42 90 10 15 8.83 20.70 69.41
43 90 15 5 7.23 44.03 83.39
44 90 15 10 9.45 44.02 78.26
45 90 15 15 10.98 44.05 74.70

The error of the SVR regression model regarding the 45 cases of simulation data is
shown in Figure 7 and the maximum error did not exceed 2.5%. In fact, the boundary
conditions of the simulation, i.e., oil flow and water flow (5-15 L/min), already covered
the operating range of the heat exchanger. Therefore, the regression models did not need
to predict the out-of-range data. These regression models would be used as the objective
function for multi-objective optimization search.
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Figure 7. Percentage error of heat transfer quantity, oil pressure drop, and oil outlet temperature.

NSGA-II is a genetic algorithm that can minimize or maximize two or more objective
functions under given constraints and boundary conditions. The three objective functions
selected in this study were heat transfer quantity, oil pressure drop, and oil outlet temper-
ature. In the process of heat exchanger operation, the smaller the oil pressure drop, the
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smaller the oil outlet temperature, and the larger the heat transfer quantity, the better. In
other words, the optimization directions of the three objective functions were not consistent.
Therefore, in the process of multi-objective optimization using NSGA-II, a negative sign
was added before the objective function of heat transfer quantity to unify the optimiza-
tion direction of objective functions to the minimum. The set of Pareto optimal solutions
obtained by NSGA-II is shown in Figure 8, which contains a total of 2000 optimal solutions.
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Figure 8. The distribution of Pareto optimal solutions.

After obtaining the optimal solution set, TOPSIS was used to evaluate the 2000 data
comprehensively to decide the optimal solution and obtain the corresponding optimal
parameters. In this study, the optimal fin angle for heat exchanger operation was 63.01°, and
the optimal oil flow rate and water flow rate were 9.7 L/min and 6.45 L/min, respectively.
Under these conditions, the heat transfer quantity of the heat exchanger was 9.76 kW,
the oil pressure drop was 14 kPa, and the oil outlet temperature was 65 °C. The optimal

parameters were brought into the simulation model and the results obtained are shown in
Figure 9.
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Figure 9. Simulation results of optimal parameters.
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Table 7 shows the comparison between the optimal solution and the simulation results
based on the optimal parameters. The errors of heat transfer quantity, oil pressure drop,
and oil outlet temperature were 0.31%, 2.64%, and 0.17%, respectively. The numerical
simulation results verify the correctness of the optimization results.

Table 7. Comparison of optimization results and simulation results under optimal parameters.

Optimization Parameters Optimization Objectives
Fin Angle Oil Flow Water Flow Heat Transfer Oil Pressure Oil Outlet
(Degree) Rate (L/min) Rate (L/min) Quantity (kW) Drop (kPa) Temperature (°C)
Optimization 63.01 9.7 6.45 9.76 14 65
results
Simulation 63.01 97 6.45 979 13.63 65.11
results
Error (%) 0.31 2.64 0.17

5. Conclusions

In order to obtain the best performance of the plate-fin heat exchanger, in this paper,
the heat transfer quantity, oil pressure drop and oil outlet temperature of a plate-fin heat
exchanger used in the extended-range hybrid vehicle engine were taken as the optimization
objectives, and the three parameters of fin angle, oil flow rate, and water flow rate were
optimized. A heat exchanger fluid-solid coupling model was established based on porous
media, and the correctness of the model was verified by the n-NTU method. Based
on 45 cases of simulation results, a regression model of the optimization objective was
established with SVR, and then the NSGA-II algorithm was applied to obtain a Pareto
solution set containing 2000 optimal solutions. Finally, the optimal solution was evaluated
comprehensively by using TOPSIS. The main conclusions are summarized as follows:

(1) There is a contradiction between heat transfer quantity and pressure drop of heat
exchanger, and there is no inevitable relationship between oil outlet temperature and
heat transfer quantity.

(2) The heat transfer quantity of the heat exchanger is mainly influenced by the fin angle,
oil flow rate, and water flow rate. The heat transfer quantity decreases as the decrease
of the fin angle. When the oil flow rate is less than or equal to 10 L/min, the change of
heat transfer quantity mainly depends on the oil flow rate. When the oil flow rate is
greater than 10 L/min, the change of heat transfer quantity mainly depends on the
water flow rate.

(38) The pressure drop in the heat exchanger is mainly influenced by the fin angle and
the flow rate. As the fin angle decreases from 90° to about 60°, the pressure drop
also decreases. However, as the fin angle continues to decrease, the pressure drop
increases. The oil flow rate or the water flow rate does not affect the pressure drop
variation on the other side.

(4) When the fin angle is 63.01°, the oil flow rate is 9.7 L/min and the water flow rate is
6.45 L/min, the heat exchanger achieves the best performance. Under this condition,
the heat transfer quantity of the heat exchanger is 9.76 kW, the oil pressure drop is
14 kPa, and the oil outlet temperature is 65 °C.
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